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1 Introdution
The interest to eletroni proesses in disordered systems was greatly inspired by the fasinating
disorder eets in semiondutors, inluding doped and amorphous ones [1℄, and in mesosopi
metalli systems [2℄. Unlike the Bloh states in fully periodi systems, the eletroni spetrum
of disordered systems generally inludes both extended and loalized states, their oexistene
being related to the ompetition between kineti and potential energy of Fermi partiles. The
main onsequene of this ompetition is the possibility for Anderson transition from metalli
to insulating state at zero temperature and suiently strong disorder [3℄. The best studied
situation is that of non-interating eletrons (that is, the single-eletron approximation) in a
ertain random eld. Eieny of single-eletron theories for eah type of eletroni states
in disordered systems (at the Fermi level ǫF , they are mostly extended in metals and mostly
loalized in semiondutors) is assured by the presene of a ertain small parameter, suh
as λF/ℓ (where λF is the Fermi wavelength, ℓ the mean free path) in metals [2℄ and na
3
in
semiondutors [4℄ (n is the onentration of harge arriers, a the lattie parameter).
The following disussion is addressed to the doped semionduting systems. In traditional
semiondutors, typial values of na3 do not exeed 10−4 ÷ 10−6. This is determined by a very
great loalization radius r0 ∼ (20÷50)a of a single loalized shallow state and the Mott riterion
for metallization in the impurity band: nr30 ∼ 0.02 [1℄. At doping levels below this value, the
single-eletron approah yeilds in a nite Fermi density of (loalized) states νF = ν(ǫF ) and
in the Mott law for hopping ondutivity vs temperature T : σ(T ) ∝ {exp}(−BT−1/4) , B ≈
2.1(r30νF )
−1/4
[5℄. However, it was shown by Efros and Shklovskii [6℄ that aount of Coulomb
interations between suh shallow states leads to formation of a soft gap in the unperturbed
density of states νF near the Fermi level so that: ν(ǫ− ǫF )
2/e6 until |ǫ− ǫF | ∼ ∆ = e
3ν
1/2
F /κ
3/2
(where e is the eletron harge and κ the stati dieletri onstant). Consequently, the Mott
law is hanged to: σ(T ) ∝ exp(B′T−1/2), B′ ≈ e/(κr0)
1/2
at suiently low temperatures,
T < Tc ≈ e
4r0νF/κ
2
. The above theoreti dependenies are in a good agreement with the bulk
of experimental data in traditional semiondutors.
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A speial lass of doped materials, displaying semionduting, metalli, superonduting
and various magneti phases, is omprised by the doped perovskite systems [7,8℄. From the
point of view of standard theory of semiondutors, these materials exhibit extremely high val-
ues of na3 ∼ 0.1÷ 0.5, that is more than three orders of magnitude higher than those observed
in traditional semiondutors. So the experimentally observed hopping type of ondutane,
at suiently high temperatures, in perovskite manganites Ln1−xAxMnO3 (where Ln is a lan-
thanide, A an alkali-earth metal) with doping levels x ∼ 0.3 [9℄ is quite a striking fat. It
indiates that Fermi states in suh materials remain loalized even at so heavy doping and,
from the before ited Mott riterion, the upper limit for loalization radius should be estimated
as r0 ∼ 0.4a. This is an opposite limit to the traditional ase of shallow dopants, hene a
dierent evolution of the exitation spetrum an be expeted. In partiular, the eets of
eletron-eletron interation an be muh more pronouned.
Of ourse, real perovskite manganites possess many other peuliar properties, as spin-
dependent kineti energy (it is just this dependene that suppresses kineti energy in the para-
magneti phase) and the related Zener mehanism of double exhange [10℄, strong oupling of
harge arriers to Jahn-Teller deformations [11℄, possible formation of small spin polarons [12℄,
harge loalization [13℄ and harge ordering [14℄, et. However all the above mehanisms are
usually disussed within uniform (that is, ompletely ordered) models, while our main fous
now is on the eets spei for extremely strong disorder. To this end, we propose a model
approximation, starting from a set of stritly loalized single-site eletroni states, with ran-
dom energy in eah site formed by the superposition of lassi Coulomb potentials from other
(oupied) sites and from the xed harged dopants (so that the overall eletroneutrality is as-
sured). At the next step, the kineti energy is onsidered as a small perturbation, triggering the
hops between the nearest neighbor oupied and empty sites (if the neessary energy dierene
is ompensated by phonons, a.. eletri elds, et.). This model is interesting rstly as an
opposite limit to the usual situation when the disorder is treated as a small perturbation of an
initially uniform system, and seondly as a new realization of strongly orrelated many-body
system.
Below in Se. 2 we dene the model parameters and desribe the numeri proesses to
seek the ground state and analyze various types of exitation spetra at zero temperature, as
funtions of system size L and doping onentration x. Then the size, shape and topology
independent behavior of the spetra is rapidly attained with growing L (already at L = 10÷12
ell units), and the main ndings are:
(a) a non-ergodiity of the full phase spae with a denite distribution of loal energy minima
and pratially idential exitation spetra with respet to all typial loal minima;
(b) asymmetri deviations from the mean-eld ∝ (ǫ − ǫF )
2
behavior for the density of single-
partile exitations;
() vanishing of the density of pair exitations in the limit of low exitation energy;
(d) niteness of the total density of many-body exitations in the same limit.
The further development of the model in Se. 3 involves nite temperatures and hopping dy-
namis through the usual mehanism of deformation potential for eletron-phonon oupling.
Then the non-ergodi struture of the system phase spae at zero temperature leads to its
2
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Figure 1: a) Elementary ubi ell orresponding to the LaMnO3 struture. b) A 2 × 2 × 3
parallelepiped sample of ubi lattie with a random distribution of harged dopants and harge
arriers at onentration x = 1/4.
non-Markovian kinetis at nite temperatures. A speial numeri algorithm is developed,
simulating this statistial proess and giving the temperature behavior of eletroni spei
heat, relaxation times and diusion oeient (the latter being related to the ondutivity via
the Einstein relation). In partiular, for the typial onentration value x = 1/3 we found:
σ(T ) ∝ exp(−bT−α), with α ≈ 0.87, dierent from the Efros and Shklovskii value 1/2. The
onlusions and perspetives for the further studies of the present model are disussed in Se.
4.
2 Desription of model. Zero Temperature
The rystalline struture of lanthanum manganite LaMnO3 is lose to ideal perovskite with
the (paramagneti) lattie parameter a ≈ 3.9Å(Fig. 1a). Substitution of trivalent La3+ by
divalent alali-earth ion (say, Ca
2+
) brings an extra hole to the system whih resides on a
nearby manganese site, hanging its state from Mn
3+
to Mn
4+
. For a single dopant in the
lattie, an arbitrarily weak tunneling will be suient to produe the hole state equally shared
between eight Mn sites, nearest neighbors to the dopant Ca. However, for a nite doping, there
appear random energy dierenes between these sites, and if these dierenes are greater than
the tunneling amplitude (the kineti energy), the hole will mainly oupy the lowest energy site.
The loalization is also favoured here by the suppression of kineti energy: rstly due to the
presene of interalating oxygens between manganese sites and seondly due to the inoherene
of manganese spins at higher temperatures.
Referring to this situation we onsider the model where the dopant ions oupy randomly
the entral sites in the simple ubi lattie with probability x < 1 (Fig. 1b). Eah dopant
releases one harge arrier into the rystal and thus aquires a unit harge e of opposite sign.
In negletane of hops between lattie sites, eah arrier oupy single lattie site and the total
eletroni energy inludes only Coulomb ontributions:
Ec =
∑
n
c(n)
[
1
2
U(n)− V (n)
]
, (1)
3
where U(n) =
∑
n′ 6=n c(n)u(|n−n
′|), V (n′) =
∑
n′ 6=n c(n
′)u(|n−n′− δ|), u(r) = e2/κr, c(n) is
an oupation number for harge arrier in the lattie site n = a(n1, n2, n3) (with integer ni),
while oupation of the dopant site n+ δ, with δ = a(1
2
, 1
2
, 1
2
), in the same ell is dened by
d(n). In what follows we onsider xed random onguration d(n) of frozen dopants, then
the system ground state orresponds to suh adjustment of the onguration c(n) of arriers
that Ec is a minimum.
For arbitrary onguration c(n), when a arrier is taken o from the site n (if oupied) or
put into this site (if empty), the full energy respetively dereases or inreases by ǫ(n) = U(n)−
V (n), whih an be thus assoiated with single-partile exitations of the Fermi liquid theory.
Here both U(n) and V (n) are random, but only V (n), determined by the xed onguration of
dopants, an be onsidered an usual loal random eld of Anderson's model [3℄ whereas U(n),
determined by the variable onguration of arriers, is substantially non-loal. Hene eah ǫ(n)
essentially depends on the positions of all other arriers, and the total Ec strongly diers from
the sum of all ǫ(n). In this situation, there is no evidene for unique energy minimum and the
struture of phase spae an be very ompliate. However, the onsideration is simplied if
one takes in mind that any two ongurations in this spae, satisfying the same normalization
ondition, Eq. (2), an be onneted by a sequene (a phase trajetory) of single-partile moves
between nearest neighbor oupied and empty sites. In fat, the following treatment is limited
just to this lass of trajetories.
Besides the above indiated single-partile energies ǫ(n), the exitation spetrum inludes
also the so-alled pair energies [6℄:
ǫ(n,n′) = ǫ(n′)− ǫ(n)− u′(|n− n′|),
that is the energy hange at moving a arrier from the oupied site n to empty site n
′
.
The last, exitoni term in this expression, aounting for the orrelation between dierent
single-site energies, is just responsible for opening of the Coulomb gap in the single-partile
spetrum ν(s−p)(ǫ(n)). If the orrelations between dierent pair energies ǫ(n,n
′) and ǫ(n′,n′′)
are negleted, whih orresponds to the mean-eld approximation, a onlusion an be drawn
that the pair spetrum νp(ǫ(n,n
′)) is ungapped [6℄. But, as will be seen from the exat numeri
analysis below, in fat the density of suh exitations also vanishes at ǫ→ 0, and this situation
may be supposed to exist for higher order exitations as well.
In our numeri proedure we onsider lattie samples in the form of nite parallelepipeds
and apply the following algorithm. The initial ongurations d0({n}) and c0({n}) are dened
by assigning them independently random values 0 or 1 for eah site n, so that the normalization
ondition holds:
L1∑
n1=1
L2∑
n2=1
L3∑
n3=1
d(n1 +
1
2
, n2 +
1
2
, n3 +
1
2
) =
L1+1∑
n1=1
L2+1∑
n2=1
L3+1∑
n3=1
c(n1, n2, n3) = N (2)
related to the doping level x through N = [xL1L2L3]. Then we hoose, from all the nearest
neighbor pairs of oupied sites n and empty sites n
′
, the pair n0 and n
′
0
orresponding to
the minimum value of pair energy: ǫ
(neighb)
min = ǫ(n0,n
′
0
). If ǫ
(neighb)
min is negative, we hange
from the onguration c0({n}) to a new onguration c1({n}), moving the arrier from n0
to n
′
0
. This proess of single-partile moves is repeated m times, until we ome to suh a
onguration cm({n}) that ǫ
(neighb)
min is already positive. Then we searh for the minimum ǫ
(all)
min
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Figure 2: a) Single-partile density of states at T = 0 and doping level x = 1/3. Insert
demonstrates dierent power laws for densities of oupied (solid squares) and empty (light
squares) states lose to Fermi level and their ommon Gaussian asymptotis far from it. b)
Single-partile density of states at T = 0 and x = 1/2.
of ǫ(n,n′) over all oupied n and empty n′ in this onguration, and, if it is negative, perform
the orresponding move. This proedure is repeated until suh a onguration cM({n}) is
reahed that ǫ
(all)
min is positive. Then cM({n}) orresponds to a loal equilibrium (with respet
to single-partile moves) and the respetive value of Ec = Emin[c0({n})], a funtional of the
initial onguration, realizes a loal minimum of energy.
Next, the system is shaken up, that is, for the same initial dopant onguration d({n}),
a new arbitrary initial onguration c′0({n}) is reated, restrited again by the normalization
ondition, Eq. (2). Then it is found that, with the same equilibration proess, some new
loal equilibrium cM ′({n}) and a new loal minimum E
′
min[c
′
0({n})] are obtained. The presene
of various loal minima is indiative of a non-ergodi struture of the phase spae (with a
disrete topology restrited to single-partile moves). Sine there is a one-to-one orrespondene
between the initial state and the nal state of loal equilibrium, the whole phase spae of the
system gets divided into a number of attration domains, eah orresponding to a denite loal
minimum. The absolute energy minimum, orresponding to the true ground state, an be
dened as:
Eabsmin = min
c0({n})
Emin[c0({n})]. (3)
The onsequent shake ups and equilibrations dene a sort of Monte-Carlo proess to approah
the ground state and this numeri proess an be ompleted within a reasonable time for
not too big system (this is evidened by the uniqueness of the orresponding onguration
cabsM ({n})). As a o-produt, the proess also provides the spetrum of loal minima νloc(E) =
〈δ(E − Emin[c0])〉c0, a new harateristis of the strongly interating disordered system. At a
given dopant onguration d({n}), the single-partile and the pair spetra, νs−p(ǫ) and νp(ǫ),
are alulated with respet to eah loal minimum, inluding the true ground state. Within
auray to statistial noise, there is no dierene found among the urves taken with respet to
dierent minima. This shows that the true ground state is not any outstanding point between
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Figure 3: Power law exponents for densities of oupied (lled irles) and empty (light irles)
single-partile states as funtions of onentration of dopants.
other equilibrium points. Finally all the results are averaged over various dopant ongurations
d({n}). For numeri simulations of the system, Eqs. (1, 2), we began from ubi samples of
inreasing size L, then a size independent behavior orresponding to thermodynami limit is
reahed already at L ∼ 10, and these averaged harateristis are presented in Figs. 2-5.
The single-partile spetra νs−p(ǫ) at dierent dopings, shown in Fig. 2a,b, reveal a well-
dened Coulomb gap around Fermi energy ǫF , while their asymptotis far from ǫF is well
desribed by the Gaussian law: νs−p(ǫ) ∝ exp [−α(ǫ− ǫF )
2], in agreement with the known
results of Lifshitz's theory of optimal utuation for tail states in disordered systems [16℄.
A new notable feature of these spetra is a pronouned asymmetry between the densities of
empty and oupied states near ǫF , whih are desribed by dierent power laws:
νs−p(ǫ) ∝
{
(ǫ− ǫF )
2+η′ , ǫ > ǫF,
(ǫ− ǫF )
2−η′′ , ǫ < ǫ.
(4)
Here the asymmetry fators η′ and η′′ are not universal, but vary with the doping and tend to
zero at x → 1/2 (Fig. 3). The latter fat an be easily understood as a onsequene of the
symmetry between lled and empty sites at this onentration.
Hene the mean-eld quadrati law is found to be exat only at half-lling (though the
non-universal orretions to it, due to the higher order orrelations, an be really small in the
ase of traditional doped semiondutors with r0 ≫ a).
Another qualitative dierene from the mean-eld behavior was found in that the density of
pair exitations νp(ǫ) does not remain onstant but tends to zero with ǫ→ 0 (Fig. 4). Notably,
this result is onentration independent. It is of interest for the future studies, to hek also
the low-energy behavior for the spetra of higher order exitations.
At least, the spetrum of loal energy minima for the doping level x = 1/3 is shown
in Fig. 4. Close to the value of absolute energy minimum Eabsmin (whih is proportional to
the sample volume), this distribution exhibits quadrati energy dependene (dashed line) and,
farther from Eabsmin, it falls down by the Gaussian law (dotted line): ∝ exp
[
−α(E − Eabsmin)
2
]
,
(while the overall distribution width is independent of the sample size and relatively small).
Besides the simplest ubi shape of the samples, we also examined the slabs with L1 = L2 =
6
Figure 4: (a) Density of pair exitations at two dierent onentrations of dopants.
(b) Distribution of loal minima of full eletroni energy (at x = 1/3). The dashed line marks
a paraboli dependene and the dash-dotted urve is Gaussian.
6 and L3 = 30. The essential features of single-partile spetrum for them (overall extension
and gap asymmetry) at x = 1/3 were found pratially idential to those for ubi samples. At
least, a modiation of the above slab onguration was onsidered, realizing a topologially
losed Eulidean bar (Fig. 5) where eah vetor (n1, n2, L+ n3) is identied with (n1, n2, n3).
This form is appropriate for diret simulations of urrent ow in a losed iruit under external
eletri eld applied along e3. However in this ase a speial are should be taken to assure the
ontinuity of total energy at transitions of partiles through the topologial interfae: L↔ 1,
whih must be equivalent to any normal interfae n3 ↔ n3 + 1. To this end, the interation
potential u(|n−m|) in Eq. (1) should be replaed by the modied potential:
u˜(n,m) = u(|n−m|) + u(|n+ Le3 −m|), (5)
(n3 < m3), related to the two distanes shown in Fig. 5. Evidently, this modied interation,
Eq. (5), whih onnets eah pair of sites in two possible ways, turns to the ommon Coulomb
law in the limit L → ∞. Numeri simulations for a losed (6,6,30) slab with the modied
interation, Eq. (5), showed no signiant dierene in the single-partile spetrum, ompared
to the similar open slab and usual interation u(r). Thus, the harateristis of the ground
state and exitation spetra found from our simulations are not sensitive to the sample size,
shape and topology and should orrespond to the true thermodynami limit of the strongly
interating disordered system, Eq. (1).
3 Finite temperatures
At nite temperatures, the system dynamis is determined by the thermally ativated hops
between nearest neighbor sites. As usually, these hops are onsidered to be ontrolled by the
eletron-phonon interation in approximation of deformation potential [15℄. If we onsider only
7
n1
m
n
... LL-121
Figure 5: A lattie sample topologially losed in one dimension (labeled from 1 to L), here
two distanes are dened for eah pair of points n and m.
longitudinal phonons with Debye dispersion, the transition rate between the neighboring sites n
and n
′
with the pair energy dierene ǫ(n,n′ = ǫ), inluding the probabilities for both proesses
with phonon absorption (ǫ > 0) and emission (ǫ < 0), is given by a simple expression:
γ(ǫ) = γ0
ǫ− ǫD sin(ǫ/ǫD)
exp(ǫ/T )− 1
θ(ǫ2D − ǫ
2) (6)
where ǫD = h¯s/a is the Debye energy (for sound veloity s) and γ0 is some onstant proportional
to the small tunneling matrix element. The presene of the sine term in Eq. (6) is due to the
extremely short range of hops (by one lattie onstant) and this fator essentially redues the
transition amplitude at low energies, ompared to the usual ase of eletron-phonon interation
in metals.
If the mean interval of time between two onseutive transitions, in some volume where the
orrelations are sensible, is muh longer than the transition time τtr itself (this is reasonable for
suiently small γ0 and atomially fast τtr), we an onsider that only one transition ours
at a time. Also, aordingly to the analysis by Knotek and Pollak [16℄, for so stritly loalized
states we an neglet transitions where more than one eletron partiipate. However, the
diulty with applying Eq. (6) diretly to our system onsists in the fat that the transition
energy for a given pair of sites (in a given transition hannel) is not a priori dened but
depends on the overall onguration and is varied at transitions between other sites. Sine
those transitions our at random moments of time, the transition rate for any given hannel is
itself a random funtion of time, orrelated with all other hannels. In mathematial language,
this means a realization of non-Markovian branhing random proess [17℄. To manage this
problem numerially, we used the following algorithm.
For any initial onguration d({n}), c({n}), Eq. (6) denes the transition rates γn,n′ =
γ[ǫ(n,n′)] for all appropriate pairs n→ n′, and these alternatives (the transition hannels) an
be onsidered independent. In this approah, only one of the hannels an be hosen for eah
onseutive transition, and this hoie is simulated by doing the independent statistial trials
for random transition times τn,n′ , aordingly to the rates γn,n′, and hoosing the shortest time
from the trial outputs.
In eah partiular trial, a random number ξ, 0 < ξ < 1, is generated, produing the
assoiated random phase φ = − ln ξ. It relates to the random output transition time τ at a
onstant transition rate γ through: τ = φ/γ. If ξ is distributed uniformly: Pξ = θ(ξ)θ(1−ξ), the
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Figure 6: Realization of a transition through a ertain hannel with a random apriori value of
phase φ and transition rates γ0, ..., γi whih depend on time in a random way. The moment
τ ′i orresponds to the virtual value for this hannel obtained at τi−1; in fat this value was not
realized beause it lost the ompetition to a shorter time τi obtained at τi−1 for other hannel.
The true transition time for this hannel, τ , is dened by the win of the output φiγi in the
ompetition with outputs for all other hannels at τi.
related distribution for the phase is: Pφ = exp(−φ), and hene the distribution for transition
times: Pτ = γ exp(−γτ). The relation between the random phase and transition time an
be generalized to the ase when the transition rate γ is not onstant but a posteriori denite
funtion of urrent time γ = γ(t):
φ =
∫ τ
0
γ(t)dt (7)
(in our spei ase this funtion is stepwise, see Fig. 6). Sine the integrand in the r.h.s. of Eq.
(7) is nonnegative, there always exists a single nite solution for the transition moment (Fig.
6). This value is determined not only by the trial phase value φ but also by all the intermediate
times τi and transition rates γi = γ(τi < τ < τi+1) expressing ompliate orrelations between
the given transition and the preeding ones. Eah time interval ∆τi = τi+1 − τi is determined
by the result of ompetition between the virtual values for all the hannels j possible after the
moment τi:
∆τi = min
j
(φ
(j)
i /γ
(j)
i ) (8)
where γ
(j)
i is the transition rate in j-th hannel between the moments τi and τi+1, and:
φ(i) = φ(j) −
∫ τi
τ (j)
γ(j)(t)dt (9)
is the residual phase at τi for j-th hannel. This hannel is opened at a ertain time moment
τ (j), when it is given the initial random phase value φ(j), aording to Pφ. Then φ
(j)
is on-
seutively redued to φ
(j)
i , by Eq. (9), at eah intermediate transition, until suh a moment
τi is reahed that the virtual value φ
(j)
i /γ
(j)
i for this hannel wins the ompetition, Eq. (8).
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Figure 7: Temporal evolution of full energy in a ubi sample with L = 8 and x = 1/3 at
dierent temperatures. Time units are ǫDγ
−1
0 ×10
5
and energy units are e2/κa. Inset: relaxation
time tr and statistial entropy S, Eq. 11, vs temperature; a rapid inrease of tr below T ∼ 0.05
indiates the freezing of a glassy system.
Then the residual phase value attained at τi+1 = τi + φ
(j)
i /γ
(j)
i is just zero, orresponding to
an exat solution of Eq. (7) at τ = τi+1. After a partile has performed a transition through
j-th hannel, this hannel (together with the whole set of hannels j¯, having ommon initial
site with j) is onsidered losed, and a number of new hannels is opened for all empty sites,
neighbors to the new oupied site. Also, the hange of the system onguration produed by
the transition in j-th hannel implies all the rates γ
(j′)
i , j
′ 6= j¯, to be hanged for some new
values γ
(j′)
i+1, and, after opening of new hannels with orresponding initial phases and transition
rates, the whole proess is ontinued. At eah i-th transition in the system, the values of the
energy transfer ǫi (either positive or negative) and of the time interval ∆τi, past the preeding
transition are reorded.
It is important that, unlike a system of independent arriers, the whole passage from opening
to losure of a hannel is not typially a pair proess and it is related to the overall density of
many-body states.
Examples of time reords for the full energy as funtions of full time τi =
∑i
i′=1 ∆τi′ , at
dierent values of temperature T and onentration x = 1/3 for a ubi sample with L = 8,
are shown in Fig. 7. They all demonstrate an initial rapid desent to the regime of dynamial
equilibrium, within a ertain relaxation time tr. This time is almost independent of temperature
exept at very low temperatures (below ∼ 0.05, in our energy units e2/κa) when tr grows very
rapidly (see inset to Fig. 7). The latter an serve as an indiation of the freezing proess
in the glassy system, though, of ourse, there is no sharply dened ritial temperature in a
nite size sample. In the equilibrium regime, both the mean energy 〈E〉 and its dispersion
δE = (〈E2〉 − 〈E〉2)1/2 are obtained as ertain funtions of temperature.
Sine the volume of our system is kept xed and the average in time of total energy 〈E〉 as a
funtion of temperature is known, the spei heat Cv an be readily obtained by dierentiation:
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Figure 8: Spei heat vs temperature for the system orresponding to Fig. 8. Points stand
for the numerially alulated derivative ∂E/∂T , and the solid line is a guide for the eye.
Cv = ∂〈E〉/∂T [20℄.
The orresponding numeri result is shown in Fig. 8. It displays a linear behavior at low
temperatures: Cv ∝ T , harateristi both of the Fermi-liquid systems [20℄ and of the glassy
systems [21℄.
Another distintive feature of the onsidered spei heat is a pronouned maximum at
T ∼ 2ǫD, orresponding to saturation of the relaxation hannels above the Debye temperature.
Through the relation:
S(T ) =
∫ T
0
τ−1Cv(τ)dτ (10)
the thermodynamial entropy S(T ) is fully determined by the funtion 〈E(T )〉. On the other
hand, S is also related to δE [20℄:
S = ln[νm−b(〈E〉)δE], (11)
whih permits to estimate the total density of many-body states νm−b(E), very diult in other
approahes. From the omparison of Eqs. (10) and (11) at T → 0, we onlude that νm−b(E)
attains a nite value near Eabsmin, though, for a quantitative auray, one perhaps needs more
preise and detailed data on δE(T ) and 〈E(T )〉 than those in Figs. 7, 8.
Next, the temperature behavior of the hopping ondutivity σ(T ), aordingly to the Ein-
stein relation: σ = ne2D/(kBT ) [22℄, an be estimated from that of the diusion oeient
D. Sine all the hops have a standard length a, the diusion oeient D = a2/(3τ0) is fully
determined by the mean lifetime τ0 of a loalized state, and the latter is merely the inverse
of the average number of hops per one partile per unit time: τ0 = N limi→∞(τi/i). Then,
from the plots of full number of hops i vs full time τi at dierent temperatures and the same
onentration x = 1/3 (they all turn perfetly linear after the same relaxation time tr as that
for energy, Fig. 9a), we dedued the values of D, proportional to the slopes di/dτi. Finally, the
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Figure 9: a) The slopes of linear funtions full number of hops vs full time provide the
temperature dependene of the diusion oeient. b) Double logarithmi plot for ondutivity
σ vs ln (1/T ) at x = 1/3. The slope is dierent from the mean-eld value 1/2.
double logarithmi plot: ln(ln σ0 − ln σ) vs ln(1/T ), Fig. 9b) (where the tting parameter σ0
was adjusted to get the best linearity), permits to infer the modied hopping ondutivity law:
σ(T ) = σ0 exp[−(T0/T )
α], (12)
with α ≈ 0.87 and reasonably low T0 ≈ 0.1. It is of interest to ompare these gures with
the mean-eld values [6℄: α = 1/2 and T0 ≈ 2.1 (the latter is obtained using the estimate for
loalization radius r0 ≈ 0.4a by the Mott riterion at x = 1/3, see Introdution).
4 Conlusions
A model of strongly disordered lattie system with long-range Coulomb interations between
loalized harge arriers has been onsidered. The total eletroni energy is haraterized by
the presene of multiple metastable minima (inluding the true ground state), and dierent
types of exitation spetra over these minima. A numeri proedure, aounting for all many-
body orrelations in nite size samples, onrms the existene of Coulomb gap in the single-
partile spetrum and also provides orretions to the known mean-eld theory results, as
asymmetry of the gap at non-half-lling, vanishing density of low energy pair exitations,
modied temperature exponent for hopping ondutivity. The further analysis of this model
an involve diret simulations of urrent ow in a topologially losed sample (Se. 2) and
formation of luster states at nite tunneling amplitudes between nearest neighbour sites with
suiently small pair energies.
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t
2/2.1/FIS/302/94 and under personal Grants BPD 14226/97 (Yu.G.P.) and BM/12717/97 (J.
M. V. L.).
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